Abstract: A powder mixture of α-Bi 2 O 3 and HfO 2 , in the molar ratio 2:3, was mechanochemically treated in a planetary ball mill under air, using zirconium oxide vials and balls as the milling medium. After 50 h of milling, the mechanochemical reaction led to the formation of a nanocrystalline δ-Bi 2 O 3 phase (fluorite-type solid solution Bi 0.78 Hf 0.59 Zr 0.63 O 3.61 ), with a crystallite size of 20 nm. The mechanochemical reaction started at a very beginning of milling accompanied by an accumulation of ZrO 2 arising from the milling tools. The samples prepared after various milling times were characterized by X-ray powder diffraction and DSC analysis. The electrical properties of the as-milled and pressed Bi 0.78 Hf 0.59 Zr 0.63 O 3.61 powder were studied using impedance spectroscopy in the temperature range from 100 to 700 °C under air. The electrical conductivity was determined to be 9.43×10 -6 and 0.080 S cm -1 for the temperatures of 300 and 700 °C, respectively.
INTRODUCTION
In recent years, there has been considerable interest in the study of materials based on Bi 2 O 3 owing to their physical properties, such are ionic conductivity, ferroelectricity, photoconductivity and photoluminescence. The ferroelectric nature of some bismuth-rich compounds, e.g., Bi 4 SrBi 2 (Ta,Nb) 2 O 9 , make them important materials for the manufacture of ferroelectric random access memories, 1 while the δ-Bi 2 O 3 polymorph, with a fluorite--type structure, has the highest oxide-ion conductivity of all known compounds, 2 providing useful properties for its application in solid oxide fuel cells and gas sensors. 3, 4 Bismuth(III) oxide, Bi 2 O 3 , is known to appear in five polymorphs, as the α-, β-, γ-, δ-and ε-phase. [5] [6] [7] The room-temperature monoclinic α-Bi 2 O 3 transforms upon heating at 729 °C to the high-temperature cubic δ-Bi 2 O 3 , which is stable up to the melting point at 825 °C. 8 Upon cooling, two metastable phases may occur depending on the applied thermal treatment, i.e., the tetragonal β-phase near 650 °C and the body-centered cubic γ-phase near 640 °C. Usually these phases transform into the α-phase on further cooling. 5 The structure of the δ-phase is based on a face-centered cubic cation sublattice and can be described as a defective fluorite structure where one quarter of the available anion sites are vacant. 6, 9 The disorder of the oxide ions in the structure has been investigated in detail, [10] [11] [12] and it was found that a high concentration of oxygen vacancies, combined with the high polarizability of the Bi 3+ 6s 2 lone electron pairs, increases the oxide ion mobility in this compound. 13 Pure δ-Bi 2 O 3 cannot be quenched to room temperature. 14 Nevertheless, the stability of the δ-Bi 2 O 3 phase at low temperatures can be achieved by substituting Bi 3+ with different mono to pentavalent cations. [15] [16] [17] However, the stability improvement is usually accompanied by a decrease in the ionic conductivity. Thus, the substitution of Bi 3+ by higher-valent cations, such as Ti 4+ , Zr 4+ and Hf 4+ should result in a reduction of the vacancy concentration. 13 Knowing that mechanochemical treatment is a process producing metastable (amorphous, nanocrystalline, supersaturated solid solutions) materials, this technique has already been employed for the study of various Bi 2 O 3 -containing systems. 18, 19 One of the recent studies showed that mechanochemical treatment applied to the 2Bi 2 O 3 ⋅3ZrO 2 system led to the gradual formation of a nanocrystalline phase which resembles δ-Bi 2 O 3 . 20 Following this line, it seemed quite reasonable to undertake an examination of the analogous 2Bi 2 O 3 ⋅3HfO 2 system. However, after prolonged milling for 50 h, a significant amount of ZrO 2 , originnating from the milling medium, accumulated in the system yielding a final sample with the formula Bi 0. 3 volume charged with 93 zirconia balls of a nominal diameter of 10 mm were used as the milling medium. The mass of the powder mixtures was 15 g, giving a ball-to-powder mass ratio of 20:1. The angular velocities of the supporting disc and vials was 33.2 (317) and 41.5 rad s -1 (396 rpm), respectively. The mixtures were milled for 10 and 30 min, as well as for 1, 10, 20 and 50 h in an air atmosphere with no addition of lubricant (dry milling). Each milling run was realized with a fresh powder mixture and without opening the vials for the specified milling period.
The X-ray powder diffraction data were collected on a Rigaku PH 1050 diffractometer with Cu-Kα graphite-monochromatized radiation (λ = 1.5418 Å) in the 2θ range 10−80° (step-length: 0.02° 2θ, scan time: 5 s). The program PowderCell, 21 was used for an approximate phase analysis in a Rietveld-like refinement. Unit cell parameters were obtained by the least-squares method using the program LSUCRIPC. 22 The mean crystallite size, <D>, of the sample milled for 50 h was calculated by the Scherrer formula. 23 The sample milled for 50 h was tested using the EDXR fluorescence technique, which confirmed the presence of Bi, Hf and Zr only. The composition of the sample was determined by EDAX and re-checked by ICP analysis. The mean Zr content was 15.2 wt. %, yielding the formula Bi 0.78 Hf 0.59 Zr 0.63 O 3.61 . The particle morphology of the prepared material can be seen in Fig. 1 . The thermal behavior of the initial mixture and powders milled for 1, 20 and 50 h was investigated from room temperature to 900 °C using an SDT Q600 simultaneous DSC-TGA instrument (TA Instruments) with a heating and cooling rate of 20 °C min -1 under a dynamic (100 cm 3 min -1 ) N 2 atmosphere.
The electrodes for the electrical measurements were applied to polished disc surfaces (diameter 8 mm, thickness 1 mm) pressed under 1 MPa, by the screen printing method. The silver paste was polymerized at 200 °C for 30 min. AC impedance measurements were performed over the frequency range from 10 -2 to 3×10 5 Hz using a Gamry Potentiostat EIS 300. The amplitude of the input sine-wave signal was 10 mV. The ionic conductivity was measured up to 700 °C under an air atmosphere. The values of grain and grain boundary resistivity were 1404 ZDUJIĆ et al. determined from the intersection of the semicircles with the Z' axis, while grain capacitance was calculated from the condition ωRC = 1.
RESULTS AND DISCUSSION

Structural changes
As can be seen from Fig. 2 , significant structural changes had already occurred after 10 min of milling. The XRPD pattern exhibits broad low intensity peaks, implying a very deformed and disordered structure. Both constituents mainly preserve their original monoclinic structure. In addition, some peaks may be assign- 
Thermal behavior
The DSC examination of the powders milled for various milling times gave further understanding of the structures achieved with the progress of mechanochemical treatment. On heating, the starting powder mixture (before milling) exhibits two endothermic heat effects (Fig. 3a) : the first is at about 740 °C (with an enthalpy change, ΔH, of 30.5 J per gram of the powder mixture), which arises from the α-Bi 2 O 3 → δ-Bi 2 O 3 phase transition and the second at about 860 °C (ΔH = 11.6 J g -1 ) is assigned to the melting of δ-Bi 2 O 3 . 20 Mechanochemical treatment for 1 h induced significant structural changes (Fig. 2) , hence during heating, the temperature of the first heat effect was shifted to a lower temperature 1406 ZDUJIĆ et al.
of about 713 °C (ΔH = 22.5 J g -1 ), while during cooling, the δ-Bi 2 O 3 transformed to the β-phase at about 576 °C (ΔH = 20.7 J g -1 ) (Fig. 3b) . The fact that the sample milled for 1 h consisted of β-Bi 2 O 3 and HfO 2 , as revealed by XRPD analysis, implies that first heat effect should be attributed to the β → δ phase transition. Milling up to 20 h gradually deformed and mixed the constituents on the atomic level, and the powder milled for 20 h was stable during heating up to 900 °C, i.e., no significant heat effect could be resolved on the DSC curve (Fig. 3c) .
However, on cooling, the δ → β phase transition occurred at about 556 °C (ΔH = = 16.7 J g -1 ). Prolonged milling for 50 h, further refined and stabilized the structure, hence no recognizable heat effects may be detected during either heating or cooling. This finding confirms that a single δ-Bi 2 O 3 phase had been obtained, in agreement with the XRPD analysis. A similar thermal behavior was observed for the Bi 0.85 Eu 0.1 V 0.05 O 1.55 compound with a fluorite-type δ-Bi 2 O 3 structure. 15 
Electrical measurements
Impedance spectroscopy was used to determine the electrical properties of the material mechanochemically synthesized for 50 h of milling. For such measurements, compacts were prepared by pressing only. No heat treatment was applied in order to preserve the structure attained after 50 h of milling, i.e., to avoid possible phase transitions of δ-Bi 2 O 3 , which could occur at higher temperatures. The density of the pressed samples was about 65 % of the theoretical density ( ρ x = = 8.94 g cm -3 ). Therefore, a high porosity plausibly implies considerably higher impedance values than if fully dense samples were used for the measurements. Moreover, the mechanochemical treatment created highly activated powders, which during pressing may form specific intergranular layers influencing, especially at low temperatures, the electrical characteristics.
Selected impedance spectra recorded in the temperature interval from 100 to 700 °C and in the frequency range from 300 kHz to 0.01 Hz are shown in Fig. 4 . As can be seen, the curves are somewhat flattened, which may indicate deviation from Debye character of the samples. 28 With increasing temperature from 400 to 700 °C, the resistivity of the sample-to-electrode contact had a greater influence on the overall sample resistivity. This was most obvious at 700 °C, where the semicircle arising from the resistivity of the bulk sample material at higher frequency significantly declines. It should be emphasized that no detectable structural changes were observed by XRPD analysis of the samples after the impedance-temperature measurements. This observation showed that prolonged heating does not cause any phase transition up to at least 700 °C, i.e., the prepared δ-Bi 2 O 3 samples were stable under these conditions. On the other hand, after a heat treatment (attempting to increase the density of the samples) at 820 °C for 24 h followed by slow (furnace) cooling or quenching, such metastable solid solutions transform into complex The bulk resistivity is equal to the sum of the grain, R g , and grain boundary, R gb , resistivities. The specific resistivity, ρ, for various temperatures was calculated from the total resistivity, and the specific conductivity, σ = 1/ρ, as a function of 1000/T is presented in Fig. 5 . The obtained values of the electrical conductivity are σ 300 = 9.43×10 -6 and σ 700 = 0.080 S cm -1 for the temperatures 300
and 700 °C, respectively (Table I For the temperature range 200−700 °C, the calculated value of the activation energy, E a = 1.03 eV, was higher than the values for some other bismuth oxide compounds with similar grain sizes, for example, E a = 0.7 eV, for Bi 4 Ti 3 O 12 , 34 and E a ≈ 0.78 eV for Bi 23 V 4 O 44.5 . 30 As can be seen from Table I , the grain resistivity change with temperature is not so pronounced as it for the grain boundary resistivity. The drastic decrease of the grain boundary resistivity from 0.19 GΩ to ≈ 6.5 kΩ between 373 and 973 K is a consequence of an activation of defects, in first place oxygen vacancies located in the grain boundaries and generated during the mechanochemical treatment. A high amount of oxygen vacancies arises from the large density of the grain boundaries of nanocrystalline structures. It is a well known that the inherent feature of nanostructured materials is a significant fraction of atoms residing in the grain boundaries. 35 Therefore, it may be concluded that mechanochemical treatment, through the formation of significant defect structure(s), has an effect on the ionic conductivity. 
